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Introductior

Photoconductive Power Bwitches (PCPSs) have the
sdvantages of precise control, entreamely fast closure
times, axtremely lov inductances, and ecalability te
very high voltages and curnnud'z). PCPEs btave
these sdvantages because the size or power of the
owitch 19 not related to its closure time. The clo-
sure time i determined by the enternal optical source
that yniformly illuminstes the PCP5 betwser the elec-
trodes. Beceuse carriers ave genersted uniforuly be-
tween the electrodes ot the deaired density, current
can flow through the switch immedistely without wait-
ing ‘or carrier transit deleys. The operating vclt-
age 1s detarmined by the switch length L, snd the
operating current is detervined by the switch width v,
as 1llustreted in Figure }J. The elecirodes can be
nade as vide as desired so thet the 1nductance can be
22t remely low, or the areaa svailable for hmat removal
can be i1ncreased and the eptire switch brought 1nto
conduction st the soms fmstent 1if the same optical
pulse sund path length are used. This paper deacribas
racent ressarch st los Alamos(2) that has improved
PCPS coutsct fabricerion technology, bas developed o
simple optice) control {lluminatior systew uveing fiber
optice and rectengular optice, and has {mproved phuoto-
conductor aurfece fabricstion se"hods end processes
for high electric fi«ld operation.
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Figura 1. Baric PCPS peamrtry .

- his progras 38 supporiuvd by the Alr Force Waajone
laboratory, Kirtland AFL, Mew Menicco, the Kava) bur-
face Weapons Center, Dahlgren, Virginis, end the Engd-
ne~ring Belences Directorste of the Los Alazor MNation-
s) luboratory.

Current Density Limitstions

The physical effects limiting the prectical carri-
er densily Ip a silicon photoconductor include Auger
recombinstion, free—carrier photon absorption, wmobili-
ty reduction dus to coarrier—carrier scottering, end
local thermal runswsy due to the varfation of sobility
vith temperature(2). The above considerations limit
the maximur practical carrier density to sbout 1038
cn™d (Ref. 3). This carrier density limits the allow
able current density and, when coupled with the photo-
conductor optical absorption depth, limits the photo-
conductor currenl capabtility per unit widrh.

The optical absorption depth for CaAs and gilicon
versus wave'sngth 15 showvn in Figure 2. 1In additi.no,
the veitical 1ine 817 1.09 & corresponds to the band-
gap epergy of silicon or the Jowest emergy ploton that
can be used to produce ar electron-hole pair 4n sfli-
con. The wertical lipne In Figure 2 gt 0.89 & corre-
sponds to tho lowest energy photon that can be used
wvith GaAs.
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Figure 2. Optica) absurptior depth for allicour ane
Cahs .

The sarimur practical current denalty dpar I8
dependent ot Lthe marimue practice! carrier urn-iu”":
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where T —mas 1¢ the marimun palr carrier d-n-it- e If
the electror charge. L 16 the sur of the ¢ _ectr 1 anc
hole mobilities, vq 15 the drift welocity, and E_

1s the conductior electric field. For Intrinmsic
silicon with = J.05 m</V-g at @ carrier density of
1024 273, E. = 107 V/m, npopyy = 1024 w73, and

dgay = ¥ x 103 a/cml. current density is relared
to the current per unit width by the optical absorp-
tior depth d, (Ref. 3), or

Ly ® Jagx b * Bpmax ¢ b Ec € 2

which for silicon, using d, = ] ==, is sbout 5 kA/cm.
1f we asause that the optisus carrier dmchz for GaAs
4¢ rimilar tec that for silicon ané use C.4 @</V-g as
the mobility of GaAs with a simila: conducticr elec~-
tric field, GaAs car conduct only 80C A/ca of width.
Thus, the absorprior dept) plays & wvery importsrt rcle
1~ photoconductive power pwitching.

Dnifore Optical Encrgy Density and Illupinstion

1o order to limit the carrier density &n the pho-
toconductor 10 fipggy. the optical energy incident or
the surface sust be limited. The optical emergy wer-
sity E1 4 on the photoconductor is relsted to the num-
ber of hole-electrop pairs my (Ref. 3) produced by

ElgonpEid/a1 -~ 1) , 3

vhere ) 15 the photor energv and r 1s the surface
reflectior coefficient. For silicom, the optical
energy or the surface should be limited tc abour _
1¢ mJ/cm? to 1imit the carrier density te 1016/cg=3,
Note that the competing processes mentioned earlier
auch as Auger recombinstionr and free-carrier absorp-
tion wil]l tend to limit the cerrier édemsity tc
1018/ca"3 10 au equilibriwm situstion.

The simple method of uniformly 1llumisating & PCPS
was developed waing fiber optice and rectangulsr opri-
cal eqomto’. The use of cylindrical len pairs is
wery ivefficient because only a small ares of the cp-
tical petrers has a relatively unifore intensity dia-
trnbution?. Simple 1llumination with multiple opri-
cal fibers with Geussianr intensity distributione gen-
erstes » large intensity variastior along the nnchg.
1r order to deliver ar equal amount of energy to each
ortical fiber, the source irtersity must be hosopen-
isec atroes 115 ALCTiuTe 1r sdditior. the oOPtical
eneTpy grriving gt the gvwitch sust be homogeniged froe
the somewhst Geussiar intensity distributior leaving
the fiber tc the sguaTe or rectangular éistributicr
ber. These twc requiTements ~a1 be aatisfied ) the
Fhase mizmin; that occure Guring propagatior o! a Ceus-
siar opticel pulee along ar dptical path with a stusre
cross section' ©“0).  Tne trersformstior of a Gaussiar
dierributior intc ¢ square distributior 18 1llustreted
bty the calculated intensity profiles of Figure 3
(Ref. 5). Thig principle is used to 1lluminate the
cylinéricsl PCPBs with the rectenguler acrylir uomog-
sniser as shown jn Figure & and to {lluminete & low-
jafuctance=strip PCPE with the rectangular hosuvgeniger
o8 showr ir Figure 5. The meesured intersity distri-
butior at the output of the Lomogenizer using » pheto-
diode arrgv with 3 diode spacing of about 5C 2 1

A1

(a) Calculated intensity distributior sfter
traversing 2-as lengtl of l-mm square
fiber ‘rox axial voint gource -“ith
cosime~oqusred KA of (.25,

N\

() Calculated jptensity distributior after
traversing 22-mm length of l-me gquare
fiber wit™ perfact corsers.

N

(e, Calculat~d intensity distributiorn after
treversing 22-sm length of l-me square
fiver with perfert corners.

|

Fig.re 3. Sisuletior of 1-tenmsity distributior

sodificatior by sauare fiber.
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Figure 4. Illustration of cylindrical switch opticel
intensity homogenizer.

Figure 5.

Illustretion of low—inductamce-strip PCPFS
optical iotensity homogenise: .

shown in Figure 6. Figure és 1llustretes the intensi-
ty when the diode srray is perpendicular to the Jength
of the homogenizer at distences of ). me and 1. 27 m
from the face. Figure 6b shows the intensity distri-
bution frox one end along the long eide of the rec-
tangular homogeniser. The photodiode array pechage
ligited the closest distance to the face of the he-
wofenirer tr ahoue ), 27 mr. Note alsc ir Figure !
that » second hovuseriper v umed tc egqucliee thy ¢;-
tical intensity entering the fiber optic bundle. Be-
cause nov the homopenicer has the largest mass wher
crepefer witt the velaad of switehing material and is
an Inluhlos it can be used as the basis for » modu-
Jar ewitch! ’.

PCPS Figure of Merit

The deaired characterfistics of a PCPS coan be used
to determine a qualitstive figure of merit. First, a
large "of { switch resistance is desired, requiring a
large bulk resistivity py. Upon switching, s large
absorption depth d, 1» desired to increase the current
per unit width as such as possible, and a large wo-
bMlity U $s desired to reduce the “on” restistance

NMUOMUUGENILZEN

0.128 BICH PER MAJOR DIVISION
Figure 6.

Messureaent of optical inrenrity distribu-
tion st homogeniaer ocutpul face.

after the carrfers sre optically gensrated. The car-
rier recosbination time T, should be large so that
the optically produced carriers can be used to conduct
8 long-duration electrical pulee without increasing
the pwitch resistance. These desired characteristics
lesd to s figure of merit for PCPse(3d):

Ta " O Bpmex Gq M@ T, . 4)
where ny_p,y 16 1024 9=J and ¢ 10 the eluctron cluige.
The figure of merit for sflicon s about 2, wvhereas
that for GaAs 1s on the order of 0.00).

Contact and Surface Developeent

PCPS resistance is reduced to the conductian value
by the urifors generation of electron=hols pairs be-
twec: the gwitch clec.roles ot the carrjer demain) re-
quired. The electric filele 1s recuced from 100 pV/cn
before 1lluminaticn to about 1 kV/cx during conduc-
tion. The carriers move In the conduction electric
field and are swept out opposite ends wf the PCPS.

The junction between the photoconduc:or and the pets)
conductor fores @ Fchettky harrier that fmpede? cor-
rier reinjection and results in an affective carrier
l1fetime that fs less than the bulk recombinatien
time. This effect has been countered “y tabriceting
heavily doped ohmic contacts at each end of the PCPE
to reduce the thichness of the Schottky barrier and
peruit efficient tunneling., The large carrier denaity
and the conduction electric field generete ver> large
fields near the contect to promote carrjer injection
and the formstion uf an equilibriue electric t1era(3),
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escilv overcoze the Schosuby borriers g0 i effl-
cjert carrier refrjecticor will occur.

Carriers car be Joet througt recoztinz:lor at the
surfsa:r of the PCP5. Passivation of the photo-
conductor surfsce minimizes the surface otates and
reduces the probability of recombimatior at the
surface. Photoconductor surface passivation hes been
pursued as 8 means of reducing surface flash- over,
but it 1s alsc beneficial 1p increasing the effective
carrier lifetime.

The current waveforms shown in Figure 7 11lus-
trate the ipprovement in carrier lifetime brought
sbout by either ohmic contact fabricstion or surface
passivation or both. Figure 7a fllustrates the in-
1itia] current waveform, initisted with s 20-ns iaser
pulss and terminated by the 200-ns pulse-forming lioe
(coaxis] cable section). Pigure 7b fllustrates ar
increase ip effective carrier lifetime to about 10
w as & Tepult of both olmic contacr fabricaetion
and swurfece pessivastion. Further erperisents arte
being comfucted to determine which fabrication proc-
ess 1s Tesponsitle for the increase 1p cerrier 1ife-
time.

The elimination of surface flashover at electric
f1elds up to 100 k'V/cm 15 & major development effort.
This 19 fmportant because the optical emergy required
for switching acales with the square of the device
length for a desired resistance. The required leogth
of the PCPE ie deternined by the ratic of the maxinum
operationa] voltage to the electric field thet the
switch surface can support(1), Therefore, PCPB
operation gt & larger electric field strangth reduces
the switch lemgth and reduces the optical evergy re-
quired. Previous sxperimsnts have opsrated rovtinely

e
o) CURRENT WITHOUT CONTACT/SURFACE
PREPARATION

o) CURRENT WITH CONTACT/SURPACE
PREPARATION (INVERTED)

Tigurse 7, Current wavelorms indicetiny fncreased
corrier lifetime,

ML =L R M/LE JFVLL WLITOL.T EUTIACY TIlArETOVED .
bocert experiments Yrve evealurter FIFTE witl evtrerne-
Iy urffore S10: pesrivezicr and wit! 43K, er-
capfulatior. Thie surface fabricetior systes oper-

ates routinelv up tc 57 k\/ce and gsometimes up to the
60-k\V/cx level,

The voltage and current waveforme for a switch
with the surface passivation and encspsuletion are
1llustrated in Figure 8. The switch resistance at
lov woltsges 1s abovl 10 ki towever, the pwitch
current just before optical pulse arrival and st an
applied voltage of sboul 160 kV 18 about 160 ex-
peres, which indicates a resistence of about 1 k.
This unexpectedly large current ie thought to be re-
sponsible for the surface flashover. Both recent ex-
periments and previous experiments imdicate 8 con-
pection between the surface preparation and the ini-
tia) .urrent snd the flashover voltage. Most recept-
1y, a special)ly fabricated sample failed through the
bulk material withour surface flashover at sbout 70
*V/ewm. Current filamentstion due to thermsl runsway
in the center of the device 1s presently thought to
be responsible for the bulk material failure.

About 20 m) of optical epergy of an average paak
optical power of 1 M 18 delivered to the owitch in g
20-ms pulee to produce the waveforms shown in Fig-
ure 1. The power delivered ;| *he 250 resistive Joad
is sbout 200 MW during the 200-ns duration pulse sc
that the power gain 18 sbout 200, while the switched
energy gain 1s about 2000, Switch resistance during
conduction is about 0.8 0 as detcrmined fros the
swvitch voltage and currest ghowm ip Figure 8. The
condu.tion resistance valwe is consistent with the
optical enargy depositec in the switch.

Resonant Pulas: Cherge lLimitstions

The bulk resistivity of o PCPS deivrmines the cur-
reot leshage before switching #nd ulsc the rote st
vhich thernal anergy is diesipsted in the ewitch.
Because switch resistance decreases with incressing
temperature dues to the addit osal carriers gemersted
by thermal ection, the Bulk resietivity determines the
Jength of time that the owiteb canm bald off a lerge
voltagc without conducting as a result of thermal
runsway. 1f che switch 1o aosmmed te abscrd all the
et~rgy resfstively depusited during pulee charge and
the carrier density 1o sseoumed to very classically
wvith tespesrture, the separable, iteretive aguation
for the tes -reture of the pwitch msteris) is
glven by

(8/(21)
« /2 2 (¢)
¢l . y a Vi) 4t
/2
1

wvhere Y and Q are constants related to the mas,, the
specific hest, and the effective goss of the alectirops
and holes in the photoconductor! The princips)
aeterisl to be Inveetigated jo eilicon with or intrip-
sic bulk resistivity eof seversl hundred thousand
otme=ca, An fotrineic resfetivity of 200 ki-cx cor-
responds to a Toom ‘emperature carrier density of
shout 10F co™3, but the actual resistivity recdily
sveilable 1s about 2 kfcx with ar inftial corrier
density of about 1007 cx™d. If the fotrinaic velues
ore used In solving Equetion (&), then 1t ghould be
possible to pulse charge a eilicon oviteh 2.9 ex long
with a J=ce diameter to 250 kV 4n o remcnant half-
period of 10 . HMHuwever, 4f the Jower resistivity
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Figure 0.

200 M PCPS voltage and current wavef ras.
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